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An assessment of compact schemes combined with 
compact filters for nonlinear problems of flow acoustics  
 
Abstract 
Aerodynamic sound and shock waves are noise sources, measurement or prediction of 
aerodynamic noise reduction is needed to obey increasingly stringent noise regulations. 
The numerical method or approach to compute the mechanism of sound generation and 
sound wave propagation is an aeronautic major field of study called as Computational 
Aeroacoustics. Compact schemes have high resolution properties that are suitable for 
the calculation of the differential terms in the governing equations. However, the 
compact schemes have several shortcomings, especially, boundary treatments and 
capturing unsteady shock waves or nonlinear steeping wave phenomena. Therefore, in 
this study, specific calculation methods are proposed for the proper boundary 
treatments and capturing of the propagating shock wave or the steeping wave 
propagation. The new computational approach using compact schemes combined with 
compact filters is adopted for the numerical treatments at the wall boundary where 
nonlinear flow acoustics waves are emerged. Although the compact scheme is not 
appropriate to calculate the propagating shock due to the Gibbs phenomena, the 
appropriate combination of compact schemes and compact filters have shown a 
reduction of the Gibbs oscillations and sharper shock waves than those by the 
conventional shock capturing scheme such as the LAD (Localized Artificial Diffusivity) 
scheme. 
 The present paper of this thesis is organized as follows 
 
Chapter 1 describes the outline of this thesis. 
 
Chapter 2 describes numerical characteristics of compact schemes, boundary schemes 
and compact filters. Characteristic properties of boundary schemes are covered. 
Characteristic properties of boundary filters for computations of aerodynamic sound are 
discussed.  
 
In chapter 3, the problem of computation of aerodynamic sound applying near boundary 
filter (Visbal and Gaitonde(1998), Gaitonde and Visbal (2000)) are presented. Proper 
boundary filters for computation of aerodynamic sound are presented. 
 
Chapter 4 describes numerical implementations of compact schemes and compact filters 
for shock capturing. Best combination of the compact scheme and the compact filter to 
capture shock waves is presented with a comparison with Localized Artificial Diffusivity 
(LAD) scheme. This combination provides a better result of the sharp shock profile than 
the LAD scheme. 
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て Carpenterの開発した陽的 5次精度スキームと 6次精度コンパクトスキームの組み合わせ
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として，Kimの 4次精度コンパクトスキームと Gaitonde and Visbal(2000)の 10次精度コンパ
クトフィルタを適用した場合の特性について研究を行っている．Kawai and Fujii (2008)は， 







































ル）の克服は衝撃波捕獲の最重要課題であった．最近，Van Leerスキーム （1979）や Roe
スキーム（1981）に対して堅牢性が高く数値粘性を小さくした新しい世代のリーマンソル
バーの開発（例えば Kitamura et al. 2013や Liou, 2011）が進んでいる．一方，WENOス
キームについても，重みづけの再構成の研究も進み，高解像度性が一定程度進んだ．しか
しながら，WENOスキームは曲座標系における一様流の保持が困難であり，複雑な形状の
































れているコンパクトフィルタは，Lele のコンパクトフィルタ 1 種類のみであり，その他の
フィルタが，コンパクトスキームと組み合わされた場合に，どの様な特性をもつかは調べ

































































ρρ  (2-1) 





















∂ tρρ  (2-2) 















































































2  (2-6) 




































































































































































































































































~~~ =  (2-11) 
3
2~~ T=µ  (2-12) 
   
2.2.2 空間差分スキームおよびローパスフィルタ 













































































応させた．具体的には境界より 1つ内側のノードは 2次精度コンパクトフィルタ，境界より 2













(a) (3I-4I-6I-4I-3I)  
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 (d) (6I-6IA-6I-6IA-6I)  
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(g) (32I-4I-6I-4I-32I) Jordan(2007) 
境界に下記の式において 3次精度となるコンパクトスキーム（Jordan(2007)に記載の係数を使
用），および境界より一つ内側のノードに式(2-16)に示す 4次精度 Padéスキームを用いる． 




用），および境界より一つ内側のノードに式(2-16)に示す 4次精度 Padéスキームを用いる． 
 
















65432121 fffffffaf ηξaδλβ +++++=′+′  (2-25) 




が好ましい．様々な方法が提案されているが，本研究においては境界条件には Poinsot and 
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01 =q  
0321 === uuu  
LODIの条件より， 
51 LL =  
0432 === LLL  














































を用いた．（格子点数 Nx×Ny＝841×421 (最小格子間隔 Δxmin=0.025)，格子点数 Nx×Ny＝1681×841






































Fig.2-1 Grids in the X-direction in case of Nx×Ny=841×421. 
 
Fig.2-2 Grids in the Y-direction in case of Nx×Ny=841×421. 
 
 
Fig.2-3 Filtering transfer function (α=0.45)  
(This figure was reprinted from Wakamatsu, 
 et al. (2015), Transactions of the JSME 









































































Fig.2-4 10th order compact filter’s filtering 
transfer function (This figure was reprinted 
from Wakamatsu, et al. (2015), Transactions 




                     Case(i)                                    Case(c) 
Fig.2-5 Vorticity distribution on the wall at the time t=10 (α=0.45). 
 
2.2.7 双極渦の初期条件の与え方 
双極渦は単体の渦 2つをそれぞれ(-0.5,3)と(0.5,3)に置き，単体の渦の速度分布を Poinsot and 
Lele(1992)に記載された式(2-40)で与えることによって設定した．この方法では，渦の影響が及ぶ
範囲がほかの渦の数値計算上の与え方よりも小さく，循環が 0となることに特徴がある．ここで，


























































































































2・3・1・1 最小格子間隔 0.025 






図 2-7に，t=50, t=100, t=150の x=0における圧力分布を重ねて示す．音波が伝播に伴い減




















Case (a)                                          Case (b) 
 
  
Case (f)                                         Case (i) 
 
Fig.2-6  Pressure field (p-p∞)/p∞ generated by vortex dipole rebound from a wall at t=150 in case of 
α=0.45, (Nx×Ny=841×421, Δxmin=0.025). In all cases, acoustic fields are almost the same 







Fig.2-7  Pressure (p-p∞)/p∞ at x=0 generated by vortex dipole rebound from a wall at t=50, 100 and 150 in  
case of (i) and α=0.45, (Nx×Ny=841×421, Δxmin=0.025). 
 
 
Fig.2-8 Attenuation of maximum sound pressure at t=50, 60, 70, 80, 90, 100, 110, 120, 130, 140 and 150 in  






































Case (a)                                         Case (b) 
 
  
Case (f)                                         Case (i) 
 
Fig.2-9  Pressure field (p-p∞)/p∞ generated by vortex dipole rebound from a wall at t=150 in case of α=0.49, 
(Nx×Ny=841×421, Δxmin=0.025). Case (a) and (f) are almost the same, but they are different from Case (i). Case 























Fig.2-10  Acoustic waves observed at (0,69.9) in the case of α=0.45, (Nx×Ny=841×421, Δxmin=0.025). 
Acoustic waves calculated by each scheme are almost the same (This figure was reprinted from Wakamatsu, et 
al. (2015), Transactions of the JSME(in Japanese)). 
 
Fig.2-11  Acoustic waves observed at (0,69.9) in the case of α=0.49, (Nx×Ny=841×421, Δxmin=0.025). Case (a) 
and (f) are almost the same, but they are different from Case (i). Case (b) is almost the same as Case(i). (This 
figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)) 
 
Fig.2-12  Acoustic waves observed at (69.9, 0) in the case of α=0.45, (Nx×Ny=841×421, Δxmin=0.025) and 
reference data. Acoustic waves calculated by each scheme are almost the same. (This figure was reprinted from 


























































Fig.2-13  Acoustic waves observed at (69.9, 0) in the case of α=0.49, (Nx×Ny=841×421, Δxmin=0.025) and 
reference data. Case (a) and (f) are almost the same, but they are different from Case (i). Case (b) is almost the 
same as Case(i). Case (a) and (f) are almost the same, but they are different from Case (i). Case (b) is almost 
the same as Case(i) (This figure was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in 
Japanese)). 
 
Fig.2-14  Acoustic waves observed at (0,69.9) in the case of α=0.45, (Nx×Ny=421×211, Δxmin=0.05). 
Acoustic waves calculated by each scheme are almost the same (This figure was reprinted from Wakamatsu, et 
al. (2015), Transactions of the JSME(in Japanese)). 
 
Fig.2-15  Acoustic waves observed at (0,69.9) in the case of α=0.49, (Nx×Ny=421×211, Δxmin=0.05). Case (a) 
and (f) are almost the same, but they are different from Case (b) (This figure was reprinted from Wakamatsu, et 



























































Fig.2-16  Acoustic waves observed at (0,69.9) in the case of α=0.45, (Nx×Ny=1681×841, Δxmin=0.0125). Case 
(a), (b), (f) and (i) are almost the same (This figure was reprinted from Wakamatsu, et al. (2015), Transactions 
of the JSME(in Japanese)). 
 
 
Fig.2-17  Acoustic waves observed at (0,69.9) in the case of α=0.49, (Nx×Ny=1681×841, Δxmin=0.0125). Case 
(a), (f) and (i) are almost the same, spurious acoustic waves are observed in Case (b).  
 
Fig.2-18  Acoustic waves observed at point (0, 69.9) using combination schemes (i)with compact filter’s free 
parameter α=0.45. In this calculation condition, minimum spatial interval should be less than 0.025(This figure 













































































































Fig.2-19  Vortex dipole and secondary vortex in the condition of α=0.45, (Nx×Ny=841×421, Δxmin=0.025) 
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s 
maximum vorticity from t=0 to t=55, (3) The position of secondary vortex minimum vorticity from t=20 to 
t=55, (4) Time evolution of secondary vortex’s minimum vorticity from t=20 to t=55. Calculation results are 
























































































Fig.2-20  Vortex dipole and secondary vortex in the condition of α=0.49, (Nx×Ny=841×421, Δxmin=0.025) 
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s 
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time 
evolution of secondary vortex’s minimum vorticity. Time evolution of secondary vortex’s vorticity calculated 
by each scheme is obviously different. On the other hand, the vorticity of vortex dipole is almost the same 













































Fig.2-21  The plot of (1) position of vortex dipole’s maximum vorticity and (2)Time evolution of vortex 
dipole’s maximum vorticity from t=60 to t=100 in the condition of compact filter’s free parameter α=0.49, 
(Nx×Ny=841×421, Δxmin=0.025). Each maximum vorticity calculated by each scheme is almost the same (This 







































Case (a)                                   Case (b) 
  
Case (f)                                    Case (i) 
 
Fig.2-22  Vorticity field generated by vortex dipole rebound from a wall at t=100 in the case of α=0.45, 
(Nx×Ny=841×421, Δxmin=0.025). Each vorticity field calculated by each scheme is almost the same (This figure 
was reprinted from Wakamatsu, et al. (2015), Transactions of the JSME(in Japanese)). 
 
2・3・1・3 空間解像度を増加させた場合(最小格子間隔 0.0125) 










2.3.2.1 最小格子間隔 0.025 




   
Case (a)                                  Case (b)  
   
Case (f)                                  Case (i) 
 
Fig.2-23  Vorticity field generated by vortex dipole rebound from a wall at t=100 in the case of α=0.49, 
(Nx×Ny=841×421, Δxmin=0.025). Case (a) and (f) are almost the same, but they are different from Case (i). Case 

































































Fig.2-24  Vortex dipole and secondary vortex in the case of α=0.45, (Nx×Ny=421×211, Δxmin=0.05). (1)The 
position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s 
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time 
evolution of secondary vortex’s minimum vorticity. Secondary vortex’s vorticity is computed weaker than 




































































られる．次に，t>130で(0, 69.9)および(69.9, 0)で観測される音波は α=0.49の場合にスキーム
の組み合わせに強い影響を受けることについての原因を分析する．本研究では音速で規格
化しているため，t>130で(0, 69.9)で観測される音波は，(0, 0)近傍にある双極渦から t>60の






















































Fig.2-25  Vortex dipole and secondary vortex in the case of α=0.49, (Nx×Ny=421×211, Δxmin=0.05).(1)The 
position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s 
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time 
evolution of secondary vortex’s minimum vorticity. Time evolution of secondary vortex’s vorticity calculated 
by each scheme is obviously different. On the other hand, the vorticity of vortex dipole is almost the same 






















































































Fig.2-26  Vortex dipole and secondary vortex in the case of α=0.45, (Nx×Ny=1681×841, Δxmin=0.0125) 
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2)Time evolution of vortex dipole’s 
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time 
evolution of secondary vortex’s minimum vorticity. The results computed by each scheme are the same (This 

























































































Fig.2-27  Vortex dipole and secondary vortex in the case of α=0.49, (Nx×Ny=1681×841, Δxmin=0.0125) 
(1)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (2) Time evolution of vortex dipole’s 
maximum vorticity, (3) The position of secondary vortex minimum vorticity from t=20 to t=55, (4) Time 
evolution of secondary vortex’s minimum vorticity. (5) The enlarged view of fig(4) in the time from t=22 to 
t=29. In case of using (b), spurious vorticity is caused. (This figure was reprinted from Wakamatsu, et al. 






















































Case(a)                   Case(b) 
  
Case(f)                   Case(i) 
 
Fig.2-28 Vorticity distribution in the case of α=0.49, (Nx×Ny=1681×841, Δxmin=0.0125). Case(b) makes 











































































度境界コンパクトスキーム，境界より 1つ内側で 4次精度 Padéスキームを用いるか，
組み合わせた場合においても修正波数の異常な増幅が生じないことが示されている
Jordan(2009)の 4次精度境界コンパクトスキームを用いることが適切であることがわか











は，フィルタの伝達関数の特性がよいことから，Visbal and Gaitonde(1998)の 3重対角 10次
精度コンパクトフィルタまたは，5重対角 6次精度コンパクトフィルタを用いることが一般
的である．境界でのフィルタの取り扱いについては，3重対角フィルタについては，Gaitonde 

















計算領域は，第 2章と同様の 2次元矩形領域とし，双極渦の初期半径 R0を基準長さとし，
領域の大きさを-159.5R0≦x≦159.5R0, 0≦y≦159.5R0とした．境界条件には Poinsot and 







ィルタをかけた値を^で，格子間隔を Δxで表す．各物理量は，R0，無限遠方における音速 c∞， 
45 
 
Table 3-1 Computational condition 
The number of grid points 
Nx×Ny 
Minimum grid spacing Δx Time stepΔt 
841×421 0.025 0.01 
421×211 0.05 0.01 
1681×841 (Reference) 0.0125 0.005 
 
Table 3-2 Notation of filtering method (Nx×Ny=841×421). 
Name The combination of filters Name The combination of filters 
NF N-N-N-N-N-10C0.45- 6HO0.46 N-6CB0.46-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.45 N-2C0.45-4C0.45-6C0.45-8C0.45-10C0.45- 6HO0.47 N-6CB0.47-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.46 N-2C0.46-4C0.45-6C0.45-8C0.45-10C0.45- 6HO0.48 N-6CB0.48-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.47 N-2C0.47-4C0.45-6C0.45-8C0.45-10C0.45- 6HO0.49 N-6CB0.49-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.48 N-2C0.48-4C0.45-6C0.45-8C0.45-10C0.45- 6HO0.495 N-6CB0.495-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.49 N-2C0.49-4C0.45-6C0.45-8C0.45-10C0.45- 6HO0.499 N-6CB0.499-6CB0.45-6C0.45-8C0.45-10C0.45- 
LOC0.495 N-2C0.495-4C0.45-6C0.45-8C0.45-10C0.45- 4HO0.45 N-4CB0.45-4C0.45-6C0.45-8C0.45-10C0.45- 
LOC0.499 N-2C0.499-4C0.45-6C0.45-8C0.45-10C0.45- 4HO0.46 N-4CB0.46-4C0.45-6C0.45-8C0.45-10C0.45- 
EB N-4EB-4C0.45-6C0.45-8C0.45-10C0.45- 4HO0.47 N-4CB0.47-4C0.45-6C0.45-8C0.45-10C0.45- 
10HO0.45 N-10CB0.45-10CB0.45-10CB0.45-10CB0.45-10C0.45- 4HO0.48 N-4CB0.48-4C0.45-6C0.45-8C0.45-10C0.45- 
6HO0.495-0.495 N-6CB0.495-6CB0.495-6C0.45-8C0.45-10C0.45- 4HO0.49 N-4CB0.49-4C0.45-6C0.45-8C0.45-10C0.45- 
6HO0.499-0.499 N-6CB0.499-6CB0.499-6C0.45-8C0.45-10C0.45- 4HO0.495 N-4CB0.495-4C0.45-6C0.45-8C0.45-10C0.45- 
6HO0.45 N-6CB0.45-6CB0.45-6C0.45-8C0.45-10C0.45- 4HO0.499 N-4CB0.499-4C0.45-6C0.45-8C0.45-10C0.45- 
Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node. 
Subscript “C” means compact centered filter, “E” means explicit filter, “B” means boundary filter, Arabic 
number means the value of free parameter of compact filters at the node. “HO” means Higher Order boundary 
filter, “LOC” means Lower Order Centered filter. For example, “4HO0.499” means 4th order boundary filter (its 
free parameter is set to be 0.499 at the first node away from the boundary). 
 
粘性係数 μ∞，密度 ρ∞，温度 T∞によって無次元化した．流体は空気とし，レイノルズ数










Table 3-3 Notation of filtering method in the present paper (Nx×Ny=421×211). 











Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node. 
Subscript “C” means compact centered filter, “E” means explicit filter, “B” means boundary filter, Arabic 
number means the value of free parameter of compact filters at the node. “HO” means Higher Order boundary 
filter, “LOC” means Lower Order Centered filter. For example, “4HO0.499-Coarse” means 4th order boundary 
filter (its free parameter is set to be 0.499 at the first node away from the boundary) is used on coarse grids. 
 
Table 3-4 Filtering method for reference data in the present paper (Nx×Ny=1681×841). 
Name The combination of filters 
Reference N-2C0.45-4C0.45-6C0.45-8C0.45-10C0.45- 
Notes: “N” means the value at the node is not filtered. Arabic numbers mean the order of filters at the node. 
Subscript “C” means compact centered filter. 
 
また，境界フィルタを区別するため，境界フィルタのみ Bを用いる．たとえば，境界では
フィルタをかけず，境界より 1つ内側では 4次精度境界コンパクトフィルタ，境界より 2










3.1 Visbal and Gaitondeのコンパクトフィルタについて 
 (1)境界近傍でフィルタの精度の次数を低下させる場合 
境界ではフィルタをかけず，境界より 1つ内側では 2次精度コンパクトフィルタ，境界
より 2つ内側は 4次精度コンパクトフィルタ，境界より 3つ内側は 6次精度コンパクトフ


































( )jkj ikxcf exp=  として，等間隔格子 xjx j ∆= とおく． 
(3-1)式に代入して 
フィルタオペレータを fxδ として， 
( ) ( ) ( )( )






















両辺を ( )xikjck ∆exp で割ると， 















expexp aδδaδ  
( ) ( )( )
















ここで，三角関数の関係から ( ) ( ) ( )xkixkxik ∆+∆=∆ sincosexp であり， 
( ) ( ) ( )
2
























































































(1)                                             (2) 
 
Fig.3-1 (1) Filtering transfer function of compact filter (the free parameter is set to be 0.45) and (2) Filtering 
transfer function of 2nd order filter. 
 
(1)                                              (2) 
 
Fig.3-2 Filtering transfer function (Real part) at the first node away from the boundary of (1) 4th order boundary 























































































































 (1)                                              (2) 
 
Fig.3-3 Filtering transfer function (Imaginary part) at the first node away from the boundary of (1) 4th order 
boundary compact filter and (2) 6th order boundary compact filter. 
 
(1)                                              (2) 
 































































































































































(N-2c-4c-6c-8c-10c-)．計算結果は，フリーパラメータ αを全ノードに対して 0.45および 0.49








Fig.3-5 Acoustic waves observed at (0, 69.9) in the case of α=0.45 and α=0.49, (Nx×Ny=1681×841, 

































































い波数のみ除去する伝達関数を用いた場合 (6HO0.495-0.495 および 6HO0.499-0.499)では，
計算が発散した．このことから，6次精度境界コンパクトフィルタの適用にあたっては，高
波数成分を効果的に除去できるよう境界より 2つ内側のノードのフィルタでは α＝0.45に固






























Fig.3-6 Acoustic waves observed at (0, 69.9) in the case of LOC approach (Nx×Ny=841×421, Δxmin=0.025). The 
value of free parameter at the first point away from the boundary has serious effects on computations of 
aerodynamic sound. 
 
(a)                                         (b) 
 
(c)                                         (d) 
 
Fig.3-7 Vortex dipole and secondary vortex in the cases of LOC0.45, LOC0.495 and LOC0.499 
(Nx×Ny=841×421, Δxmin=0.025). (a)The position of vortex dipole’s maximum vorticity from t=0 to t=55, 
(b)Time evolution of vortex dipole’s maximum vorticity from t=0 to t=55, (c) The position of secondary 
vortex minimum vorticity from t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity 



































































































Fig.3-8 Acoustic waves observed at (0, 69.9) in the cases of 6HO0.45 and 6HO0.499 (Nx×Ny=841×421, 
Δxmin=0.025).The higher values of parameter at the first point away from the boundary are not 
appropriate in this case. 
 
(a)                                         (b) 
 
(c)                                         (d) 
 
Fig.3-9 Vortex dipole and secondary vortex in the cases of 6HO0.45 and 6HO0.499. (a)The position of vortex 
dipole’s maximum vorticity from t=0 to t=55, (b)Time evolution of vortex dipole’s maximum vorticity 
from t=0 to t=55, (c) The position of secondary vortex minimum vorticity from t=20 to t=55, (d) Time 
evolution of secondary vortex’s minimum vorticity from t=20 to t=55. 6HO0.45 and 6HO0.499 
























































































Fig.3-10 Acoustic waves observed at (0, 69.9) in the cases of 4HO0.45 and 4HO0.499 (Nx×Ny=841×421, 
Δxmin=0.025). The value of free parameter of 4th order boundary compact filter has a little influence on 
computations of aerodynamic sound. 
 
(a)                                         (b) 
 
(c)                                         (d) 
 
Fig.3-11 Vortex dipole and secondary vortex in the cases of 4HO0.45 and 4HO0.499 (Nx×Ny=841×421, 
Δxmin=0.025). (a)The position of vortex dipole’s maximum vorticity from t=0 to t=55, (b)Time 
evolution of vortex dipole’s maximum vorticity from t=0 to t=55, (c) The position of secondary vortex 
minimum vorticity from t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity from 

























































































Fig.3-12 Acoustic waves observed at (0, 69.9) in the condition of EB (Nx×Ny=841×421, Δxmin=0.025). The 
difference between EB and the reference is observed locally, the overall phase shift is small. 
 
(a)                                         (b) 
 
(c)                                         (d) 
 
Fig.3-13 Vortex dipole and secondary vortex in the condition of EB(Nx×Ny=841×421, Δxmin=0.025). (a)The 
position of vortex dipole’s maximum vorticity from t=0 to t=55, (b)Time evolution of vortex dipole’s 
maximum vorticity from t=0 to t=55, (c) The position of secondary vortex minimum vorticity from 
t=20 to t=55, (d) Time evolution of secondary vortex’s minimum vorticity from t=20 to t=55. Vortex 
motion of vortex dipole and secondary vortex is similar to the reference. The vorticity of secondary 























































































Fig.3-14 Acoustic wave observed at the point (0, 69.9) (Nx×Ny=421×211, Δxmin=0.05).  
 
(a)                                         (b) 
  
(c)                                         (d) 
  
Fig.3-15 Vortex dipole and secondary vortex (Nx×Ny=421×211, Δxmin=0.05). (a)The position of vortex dipole’s 
maximum vorticity from t=0 to t=55, (b)Time evolution of vortex dipole’s maximum vorticity from t=0 
to t=55, (c) The position of secondary vortex minimum vorticity from t=20 to t=55, (d) Time evolution 

































































































Fig.3-16 Acoustic wave observed at the point (0, 69.9) in the condition of LOC approach (Nx×Ny=421×211, 
Δxmin=0.05). LOC0.4999-Coarse is the most appropriate in this condition. 
 
 
Fig.3-17 Acoustic wave observed at the point (0, 69.9) in the condition of 4HO0.45-Coarse and 
4HO0.499-Coarse (Nx×Ny=421×211, Δxmin=0.05). 4HO0.499-Coarse is better than 4HO0.45-Coarse in 
this condition. 
 
(3)境界より 1つ内側のノードで 4次精度陽的フィルタ（Lele(1992)）を用いる場合 
LOC0.45 を用いた場合には，レファレンスデータと比較して，観測点で観察される音波































































ータ αの影響について示す．Nx×Ny=841×421の場合に最適なフリーパラメータ αの値は 0.45
であったが，格子解像度を低下させた Nx×Ny=421×211の場合には図 3-17に示すように位相







境界より 1 つ内側のノードにおいて 4 次精度境界コンパクトフィルタを用いそのフリー
















miimimiiiii fffafffff βaaβ  (3-6) 
0ˆˆˆ 3022011 =∆+∆+∆ fff FF γγ  (3-7) 
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Fig.3-18 Real part of transfer function of compact filter developed by Kim and Zhanxin at the point of two 








































の数値計算に適切な境界より 1つ内側のノードでは，Gaitonde and Visbal(2000)の 4次精
度境界コンパクトフィルタを用いる方法が適切であると考えられる． 




























































































































調べるため，フリーパラメータの値を 0.4, 0.45, 0.49, 0.495, 0.499とした．レファレンスデー





フィルタを用いず，境界より 1 つ内側では二次精度コンパクトフィルタ，境界より 2 つ内




Table4-1 Initial conditions of Sod problem 
 0≦x<0.5 0.5≦x≦1 
Density 1 0.125 
Pressure 1 0.1 
Velocity 0 0 
 
Table2-2 Boundary condition of Sod problem 
 x=0 x=1 
Density 1 0.125 
Pressure 1 0.1 
Velocity 0 0 
 
Table4-3 Initial conditions of Shu-Osher problem 
 -5≦x<-4 -4≦x≦5 
Density 3.857143 1+0.2sin(5x) 
Pressure 10.33333 1 
Velocity 2.629369 0 
 
Table4-4 Boundary conditions of Shu-Osher problem 
 x=-5 x=5 
Density 3.857143 1+0.2sin(5x) 
Pressure 10.33333 1 
Velocity 2.629369 0 
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4.4 計算条件  
本研究では，コンパクトスキームの解像度ならびにコンパクトフィルタの伝達関数の特性
が非線形性の強い流れ場特に，衝撃波を含む圧縮性流れの計算結果に与える影響を明らか
にするため，表 1 に示す組み合わせで，Sod’s problemを解いた．さまざまな解像度で比較
を行うため，コンパクトスキームには，Leleによって開発された 3重対角 6次精度，3重対
角 8次精度，5重対角 10次精度コンパクトスキーム，および Kimによって開発された 5重
対角 4次精度コンパクトスキーム(Kim, 2013)を用いた．具体的には 2.3.1節に述べる．さま
ざまな伝達関数で比較を行うため，コンパクトフィルタには，Lele，Gaitonde，Zhanxin，お
よび Kimによって開発されたコンパクトフィルタを用いた．具体的には 2.3.2節に述べる． 
また，空間差分スキームは 3重対角 6次精度コンパクトスキームに固定し，ローパスフィ















Table4-5 The number of filters assessed in the present paper (This table was reprinted from Wakamatsu, 
et al. (2014), Transactions of the JSME(in Japanese)) 
    Compact scheme 
    Lele Kim 





Lele (LF) 3       
Kim (KF) 1 1 1 9 
Gaitonde (GF) 4  4  4  4 
Zhanxin (ZF) 5 








キームの精度が 6次精度の場合は S6のように，フィルタの精度が 8次精度の場合は F8の
ように略記する．また，スキームやフィルタの種類は開発者の頭文字で略記する（Leleは L，






ている 3重対角 6次精度，3重対角の中で最も解像度の高い 3重対角 8次精度，最高の精度
をもつ 5重対角 10次精度コンパクトスキームを用いた．本研究では，文献(Lele, 1992)に記
載されている係数を用いた．それらの分散誤差の特性を図 4-1(a)に示す．図より，この 3種
類のコンパクトスキームでは，精度が向上するほど解像度が向上する．境界には，境界に
対応した 4次精度のスキームを用いた．Carpenter, et al.(1993)により，この 4次精度境界ス
キームの不安定性が指摘されているが，本研究においては考慮しない．また，境界より 1
つ内側のノードでは式(4-6)に示す 4次精度 Padéスキーム，境界より 2つ内側のノードでは
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ここで， iii fff −=∆ ˆˆ である． 
ローパスフィルタには Kimの 6次精度コンパクトフィルタを用い，境界近傍においても Kim
の境界フィルタを用いた． 
0ˆˆˆ 3022011 =∆+∆+∆ fff FF γγ  (4-23) 






















ˆˆˆ aa  (4-17) 
ここで，αはフリーパラメータであり一般的には 495.04.0 ≤< a 程度の範囲で用いるこ
とが多い．Kawai, et al.(2010)が 8次精度で α=0.495を用いていることから，本研究でも，8



















































Fig.4-1 Plots of modified wavenumber for first derivative approximations of compact scheme developed by (a) 
Lele (Lele, 1992) and Kim (Kim, 2013) and filtering transfer function developed by (b) Lele (Lele, 1992) , (c) 
Gaitonde (Gaitonde and Visbal, 2000), (d) Zhanxin (Zhanxin, et al., 2009). For instance, S6 means 6th order 
compact finite difference scheme and F8 means 8th order filter. α is a free parameter of Gaitonde’s compact 
filter. σ is a halfwidth of Zhanxin’s compact filter (This figure was reprinted from Wakamatsu, et al. (2014), 



































































































Fig.4-1 Plots of filtering transfer function developed by (e) Kim(Kim, 2013) 
 















例えば 4次精度半値幅 0.2πのコンパクトフィルタを F4σ=0.2πと略記する．本研究では，4次



























mNim fbfa  (4-21) 
 
本研究では，文献(Zhanxin, 2009)に記載されている係数を用いた．これらのフィルタ伝達関数
























Kc=0.6π Kc=0.65π Kc=0.7π Kc=0.75π Kc=0.8π 
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shock 
Maximum overshoot near the 

























































































































Fig.4-3 Lele’s 6th order compact scheme(LS6) combined with Lele’s compact filters(LF)and Kim’s compact 
filter(KF). (a) Density, (b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. 
Simulations are performed on a uniformly spaced grid with 101 grid points. The error of velocity and pressure 
field from the end of expansion wave to shock is large incase using LS6LF6. The undershoot of velocity and 
internal energy near shock is large in case using LS6LF6 and LS6LF4a. The numerical oscillation near the end 
































































































Fig.4-4 Lele’s 6th order compact scheme (LS6) combined with Gaitonde’s 8th order compact filters(GF8). (a) 
Density, (b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are 
performed on a uniformly spaced grid with 101 grid points. The density, velocity and pressure errors at the end 


























































































































































































































































Fig.4-8  Lele’s 6th order compact scheme(LS6) combined with Zhanxin’s 4th order filter(ZF4). (a) Density, (b) 
velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are performed on a 
uniformly spaced grid with 101 grid points (This figure was reprinted from Wakamatsu, et al. (2014), 














































Fig.4-9  Lele’s 6th order compact scheme(LS6) combined with Zhanxin’s filter(ZF4). Density, 
velocity,pressure and internal energy profiles are presented at t=0.1415. Simulations are performed on a 
uniformly spaced grid with 101 grid points (This figure was reprinted from Wakamatsu, et al. (2014), 











































Fig.4-10 An assessment of compact filters on the condition that 6th order compact scheme is used for spatial 
derivatives. These figures show that using Gaitonde’s compact filter its free parameter α=0.495 makes the 
largest L1 and L2norm and overshoot near the end of expansion wave (This figure was reprinted from 









































































































































































Fig.4-11 Compact schemes combined with Gaitonde’s 8th order compact filter(GF8)(α=0.4). (a) Density, 
(b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are 
performed on a uniformly spaced grid with 101 grid points.The results are almost same. These 
combinations of compact schemes and compact filters can avoid numerical oscillations near boundary 

































































































Fig.4-12 Compact schemes combined with Gaitonde’s 8th orer compact filter(GF8α=0.45) . (a) Density, (b) 
velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are performed on a 
uniformly spaced grid with 101 grid points. The results are almost same, but there is littele difference at the end 
of expansion wave and shock. These combinations of compact schemes and compact filters can avoid 
numerical oscillations near boundary (This figure was reprinted from Wakamatsu, et al. (2014), Transactions of 






































LS6GF8 α=0.45 LS8GF8 α=0.45 


























































Fig.4-13 Compact schemes combined with Gaitonde’s 8th order compact filter(GF8)(α=0.49). (a) Density, 
(b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations are 
performed on a uniformly spaced grid with 101 grid points.There is littele difference near the end of 
expansion wave and near shock. These combinations of compact schemes and compact filters cannot 
avoid numerical oscillations perfectly near boundary (This figure was reprinted from Wakamatsu, et al. 




































































































Fig.4-14 Compact schemes combined with Gaitonde’s 8 th order compact filter(GF8α=0.495). (a) 
Density, (b) velocity, (c) pressure and (d) internal energy profiles are presented at t=0.1415. Simulations 
are performed on a uniformly spaced grid with 101 grid points. Lele’s 6th order compact scheme 
makes huge error near the end of expansion wave and shock. Higher order compact schemes make 
smaller error at the end of expansion wave. At the boundary (x=1), these combinations of compact 
schemes and compact filters make large error (This figure was reprinted from Wakamatsu, et al. (2014), 










































































Fig.4-15 An influence of the value of free parameterα. Each value of α, higher order compact scheme 














































































































は，Kimの 5重対角 4次精度コンパクトスキームに固定） 
 


























Fig.4-16 An assessment of compact filters on the condition that Kim’s 4th order compact scheme and 
Kim’s 6th order compact filter is used. (a)L1 norm, (b)L2 norm, (c)The maximum overshoot near the 
expansion wave, (d) The maximum overshoot near a shock (This figure was quoted from Wakamatsu, et al. 


















































































































































Fig.4-17 Lele’s 6th 8th 10th order compact scheme (LS6,LS8,LS10) or Kim’s 4th order compact 
scheme(KS4) combined with Kim’s 6th order compact filter(KF6). (a) Density, (b) velocity, (c) pressure 
and (d) internal energy profiles are presented at t=0.1415. Simulations are performed on a uniformly 
spaced grid with 101 grid points. KS4 is the best to combine with KF6 (This figure was reprinted from 

















































Fig.4-18 An assessment in case that Kim’s 6th order compact filter(KF6) is used. In each index, LS6KF6 
is the largest and KF6 combined with Lele’s higher order compact scheme is smaller. KF4KF6 is the 
























































































Table 2-6. Initial conditions of Sod problem(Kawai, et al.(2010)) 
 -0.5≦x≦0 0<x≦0.5 
Density 1 0.125 
Pressure 1 0.1 
Velocity 0 0 
 
Table 2-7. Boundary conditions of Sod problem 
 x=-0.5 x=0.5 
Density 1 0.125 
Pressure 1 0.1 
Velocity 0 0 
 
 
        Kawai and Lele. (2008)                         The present paper 
 
Fig.4-19 Comparison of the density profile used localized artificial diffusivity developed by Kawai, et al. and 
the density profile used Kim’s 4 th order compact scheme combined with Kim’s 6th order compact 
filter(KS4KF6). Left figure is quoted from Kawai, et al., 227 (2008) pp. 9512 Fig.16(a), Journal of 
Computational Physics. Density profiles are presented at t=0.2 with a time step of Δt=1.0×10-5. Simulations are 
performed on a uniformly spaced grid with 201 grid points . Althogh at a shock, KS4KF6 can not avoid 
numerical oscillations perfectly, at the end of expansion wave and a contact surface, errors in both cases are 










































Fig.4-20 Density distribution of Shu-Osher problem at the time t=1.8 in case of 201 grid points 
The upper figure is quoted from Kawai and Lele, Journal of Computational Physics 227, (2008). 
 






































は，-0.5≦x≦0.5，格子間隔は Δx=0.005，時間刻みは Δt=1×10－5とした．結果を図 4-19に示
す．衝撃波近傍での振動は，KS4KF6Kc=0.88πでは十分に抑制できない一方で，膨張波後
端や接触不連続面での誤差は Kawai and Lele.(2008)の結果とほぼ同じであった． 































エントロピー波の再現では KS6KF8の結果を Kawai and Lele(2008)の結果と比較した．その
結果，人工拡散のスキームには及ばないものの，7次精度のWENOよりも適切であり，9
次精度WCNSと同じ程度に再現できることが分かった． 



























































度境界コンパクトスキーム，境界より 1つ内側で 4次精度 Padéスキームを用いるか，
組み合わせた場合においても修正波数の異常な増幅が生じないことが示されている
Jordan(2009)の 4次精度境界コンパクトスキームを用いることが適切であることがわか











② Visbal and Gaitonde(1998)が提案した境界近傍でフィルタの精度の次数を低下させる場
合では，観察される空力音は，境界より１つ内側のノードにおける 2次精度コンパクト
フィルタのフリーパラメータ αの値に強く影響を受けることが明らかになった．  
③ Gaitonde and Visbal(2000)が提案した境界近傍に 6次精度境界コンパクトフィルタを用い
た場合では，渦運動を適切に計算することができず，音の位相のずれが大きい．  
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